Cristescu SM, Kiss R, te Lintel Hekkert S, Dalby M, Harren FJ, Risby TH, Marczin N; Harefield BIOSTRESS study investigators. Real-time monitoring of endogenous lipid peroxidation by exhaled ethylene in patients undergoing cardiac surgery. Am J Physiol Lung Cell Mol Physiol 307: L509 -L515, 2014. First published August 15, 2014; doi:10.1152/ajplung.00168.2014.-Pulmonary and systemic organ injury produced by oxidative stress including lipid peroxidation is a fundamental tenet of ischemia-reperfusion injury, inflammatory response to cardiac surgery, and cardiopulmonary bypass (CPB) but is not routinely measured in a surgically relevant time frame. To initiate a paradigm shift toward noninvasive and real-time monitoring of endogenous lipid peroxidation, we have explored pulmonary excretion and dynamism of exhaled breath ethylene during cardiac surgery to test the hypothesis that surgical technique and ischemia-reperfusion triggers lipid peroxidation. We have employed laser photoacoustic spectroscopy to measure real-time trace concentrations of ethylene from the patient breath and from the CPB machine. Patients undergoing aortic or mitral valve surgery-requiring CPB (n ϭ 15) or off-pump coronary artery bypass surgery (OPCAB) (n ϭ 7) were studied. Skin and tissue incision by diathermy caused striking (Ͼ30-fold) increases in exhaled ethylene resulting in elevated levels until CPB. Gaseous ethylene in the CPB circuit was raised upon the establishment of CPB (Ͼ10-fold) and decreased over time. Reperfusion of myocardium and lungs did not appear to enhance ethylene levels significantly. During OPCAB surgery, we have observed increased ethylene in 16 of 30 documented reperfusion events associated with coronary and aortic anastomoses. Therefore, novel real-time monitoring of endogenous lipid peroxidation in the intraoperative setting provides unparalleled detail of endogenous and surgery-triggered production of ethylene. Diathermy and unprotected regional myocardial ischemia and reperfusion are the most significant contributors to increased ethylene. cardiopulmonary bypass; oxidative stress; ischemia-reperfusion injury; off-pump coronary artery bypass grafting CONTEMPORARY CARDIAC SURGERY provides symptom relief from heart disease and improves patient prognosis. However, the operation remains associated with significant myocardial, pulmonary, and systemic adverse outcomes (18, 25) . Aortic crossclamping and extracorporeal circulation and associated oxidative stress and pulmonary and systemic inflammatory response are considered major contributors.
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Although the role of oxidative stress is clearly defined in animal models of ischemia-reperfusion injury and extracorporeal circulation, the nature, degree, and significance of oxidative stress in the setting of human cardiac surgery remain more controversial (3, 6, 10, 15) . Liquid-phase biomarkers of oxidative stress have provided inconclusive evidence (1, 6, 7, 16, 20) . Parallel to these biomarker studies, pulmonary excretion and analysis of volatile organic compounds in exhaled breath have also been considered. Interestingly, exhaled breath hydrocarbons have emerged as gaseous footprints of in vivo lipid peroxidation, but studies have been limited to discrete sampling and offline analysis in a specialized laboratory setting with results unavailable in a surgically relevant time frame (2, 19, 23, 26) .
There is extensive biochemical evidence linking production of ethylene to lipid peroxidation. Lieberman and Hochstein (13) found that peroxidation of lipids was coupled to the generation of ethylene in rat liver microsomes in the presence of cuprous ions, providing an original model for the biogenesis of ethylene in animal cells. These milestone observations were confirmed in different isolated preparations (9, 4) and extended to animal models of endogenous or induced lipid peroxidation (12, 24, 27) . Treating animals with established lipid peroxidation-inducing agents such as CCl 4 , ␦-aminolevulinic acid, or Ni(II) caused a significant time-dependent and long-lasting production of ethylene, which was measureable in the breath of mice and rats. Sagai and Ichinose (24) investigated age-related lipid peroxidation and found breath hydrocarbons as sensitive indexes of peroxidation associated with aging with substantial increase in exhaled ethylene in aged compared with young animals. To explore the human relevance of these models, we have conducted unique preclinical studies and demonstrated increased ethylene release associated with lipid peroxidation in healthy volunteers during UV irradiation (17, 11) . In these experiments, 21 male volunteers were exposed to UV light from a commercial solarium for 15 min. Individual data suggested that ethylene rises within 2 min of exposure, with ethylene exhalation increasing to 17.2 Ϯ 7.3 pmol·kg Ϫ1 ·min Ϫ1 from pre-UV exposure levels of 1.39 Ϯ 0.38 pmol· kg Ϫ1 ·min Ϫ1 . These responses were eliminated by shielding the subjects from solarium by a UV protective Lexan barrier. On the basis of such substantial evidence, we have proposed utilizing real-time laser photoacoustic detection of ethylene (8) to monitor in vivo oxidative stress associated with cardiac surgery.
To investigate the feasibility of continuous assessment of lipid peroxidation by expired ethylene in the clinical setting of cardiac surgery, we have studied patients undergoing the most common surgical valvular and coronary artery bypass grafting procedures. There is tremendous scientific debate regarding the impact of cardiopulmonary bypass, myocardial and pulmonary ischemia, and reperfusion on myocardial, pulmonary, and systemic lipid peroxidation. Furthermore, there are contradictory studies regarding the effect of electrocautery and sternotomy on gaseous footprints of lipid peroxidation. In our study, we addressed these issues by conducting two related studies: one focusing on cardiopulmonary bypass and the other on beating heart surgery.
METHODS

Patients
For the first series, 15 patients requiring aortic and mitral valve repair/replacement utilizing extracorporeal circulation were studied to evaluate the impact of 1) diathermy and sternotomy, 2) cardiopulmonary bypass (CPB), 3) cardioplegia-protected global myocardial ischemia-reperfusion injury associated with aortic cross-clamping, 4) separation from CPB and pulmonary reperfusion, and 5) post-CPB period. In the second series, the influence of regional and unprotected myocardial ischemia-reperfusion was investigated in seven patients undergoing beating heart off-pump coronary artery bypass grafting (OPCAB). The Regional Ethics Committee approved this study as part of the Harefield BIOSTRESS program. All patients provided written, informed consent.
Specific anesthetic considerations included total intravenous anesthesia (before, during, and after CPB), application of stable ventilation parameters throughout the study, and preparation of the anesthetic machines to avoid trace contamination with inhalational agents, which caused spectral interference with ethylene detection. Surgical conduct was according to routine practice. Standard CPB management included membrane oxygenators, arterial line filters, systemic hypothermia down to 32°C, and nonpulsatile flow of 2.4 l·min Ϫ1 ·m Ϫ2 , with a mean arterial pressure greater than 50 mmHg. The myocardium was protected by use of intermittent antegrade cold blood cardioplegia (4:1 blood to crystalloid ratio). Combined anterograde and retrograde cardioplegia was employed selectively, according to clinical need.
Measurement of Exhaled Ethylene
The ethylene detector. We used the ETD-300 ethylene detector (by Sensor Sense, Nijmegen, The Netherlands), which is based on laser photoacoustic spectroscopy principle and uses a CO 2 laser emitting light in the 10-m region, where ethylene presents the strongest absorption. Currently, ETD-300 is able of measuring ethylene online in the 300 pptv (pptv ϭ parts per trillion by volume, 1:10 12 ) range within a 5-s time scale offering wide dynamic range, operational simplicity, and relative portability.
The gas sampling system. The gas sampling system ensured uninterrupted gas flow from the patient or CPB machine to the ethylene detector. A small portion of the exhaled gas flow was continuously sampled at a constant flow rate of 4 l/h with a mass flow controller (Brooks Instrument, Ede, The Netherlands) from the anesthesia/CPB machine by using a diaphragm pump (Knf, type NMP830KTDC, Germany) through a Teflon PTFA sampling line of 1/16-in. diameter and ϳ4 m long (Polyfluor Plastics, Oosterhout, The Netherlands). The gas flow was passed through a CO 2 scrubber containing 42 g of soda lime and a water trap with 40 g CaCl2 after the pump and prior entering the ethylene detector.
Real-time ethylene measurement. While the patient was anesthetized in the anesthetic induction room, the sampling line was connected to the expiratory limb of ventilation circuit in the operating room to monitor baseline ethylene levels present in the ventilation circuit at a ventilation setting mimicking the predicted ventilation strategy for the given patient. The sampling line was positioned distal to the bacterial filter in the expiratory limb of the ventilation circuit with a clinically approved tube attachment.
Following transfer of the patient to the operating room, ventilation commenced with this setting, allowing determination of the patient baseline ethylene concentrations. Particular attention was given to commencement of surgery and the temporal relationship of diathermy application for skin incision and subsequent sternotomy. For the prebypass period, the sampling gas line remained connected to the ventilation circuit to monitor the real-time production of ethylene. Following heparin administration, the sampling line was transferred to the exhaust of the oxygenator part of the cardiopulmonary bypass machine. Gaseous ethylene was then continuously measured during the recirculating priming phase, upon commencement of cardiotomy suction and establishment of full cardiopulmonary bypass. Special consideration was given to measuring ethylene concentration at the time of the release of aortic crossclamp and myocardial reperfusion. After rewarming and commencement of mechanical ventilation, the sampling line was returned to the ventilation circuit with an aim to compare exhaled ethylene just prior to and after separation of cardiopulmonary bypass. In addition, ethylene was constantly monitored in the postbypass period.
Data Analysis
The main advantage of the real-time analysis is that changes in measured concentrations can be directly linked to clinical events and management changes. Thus we have made serious efforts to liaise with clinical staff to document surgical events, anesthetic measures and perfusion procedures and to identify their impact and relationship with dynamic ethylene changes. To demonstrate these relationships, we have presented a series of representative traces obtained at specific phases of surgery or in response to particular clinical events.
Because there are no similar real-time breath analysis studies on the field, it is important to compare our experiments with previous studies that used offline analysis at discrete and predetermined sampling time points. To do this, we have averaged our real-time ethylene data for 3 min at different time points during surgery. These data would be equivalent to ethylene concentrations in a breath sample collected in bags over a similar time period.
The distribution of quantitative data was checked by the ShapiroWilk or Kolmogorov-Smirnow test. Normally distributed data are presented as means Ϯ SD. Data exhibiting nonnormal distribution are presented as a median and lower and upper quartile. Qualitative data are presented as percentage of whole analyzed group. Repeatedmeasures analysis of variance or variance on ranks was used to compare experimental groups with appropriate post hoc tests. Value of P Ͻ 0.05 was considered statistically significant. The analysis was performed with the SigmaPlot version 12.0 statistical software package (Systat Software 2011-12).
RESULTS
Clinical Summary
Patient demographics and clinical outcomes of the two patient populations are summarized in Table 1 . Both groups included mainly elderly patients. All patients survived in the OPCAB group whereas one patient died after valve surgery. Patients in both groups required a few hours of postoperative mechanical ventilation and stayed in the intensive care unit for a few days. Vasoactive and inotrope requirement was higher in the valve patients and both groups exhibited systemic inflam-matory response as evidenced by laboratory measures of white cell blood counts and C-reactive protein levels. Bypass period. Compared with the recirculating priming phase (in the absence of blood return), there was an immediate rise in ethylene upon return of the cardiotomy suction blood to the CPB circuit following full heparinization. In addition, there was a significant rise in ethylene upon achievement of full CPB [9.75 (7.0; 16.3) vs. 0.7 (0.5; 1) ppbv; Figs. 1 and 2B]. Average ethylene concentrations were significantly less at later time points during CPB such as prior to removal of aortic crossclamp and at the end of rewarming period. We noted significant changes in measured ethylene release in response to various changes in perfusion management such as changes in sweep gas flow (Fig. 2B) or application of hemofiltration (not shown).
Exhaled Ethylene During Valve Surgery and CPB
We have also observed characteristic biphasic ethylene responses (consisting of an initial decrease followed by return to baseline) associated with the deairing protocol (filling the heart and commencement of ventilation) and release of aortic crossclamp (Fig. 2B) . Compared with the immediate predeairing period (5 min average), ethylene concentrations were similar after release of the aortic cross-clamp [4.4 (2.1; 6.55) vs. 4.4 (2.9; 6.85) ppbv, respectively, Fig. 1B] .
Postbypass period. The process of separation from CPB, rapidly changing hemodynamics, protamine administration, and occasional breath holding resulted in dynamically changing expired ethylene levels during the initial postbypass period. Average concentrations of ethylene in the first 5 min after CPB were not different from the preceding period just prior to separation from CPB [3.2 (1. Fig. 1B] . 
Exhaled Ethylene During OPCAB
Increases in the concentrations of ethylene as a result of skin incision and sternotomy during OPCAB surgery was similar to valvular surgery (Fig. 3) . Notably, there was more prolonged application of diathermy during the preparatory phase of surgery (prior to grafting) resulting in more prolonged increases in ethylene (AUC of 14.6 Ϯ 0.7 ppbv ϫ s) in this period. We have noted 22 reperfusion events associated with clamping and release of main coronary arteries during distal anastomoses. In addition we have documented eight reperfusion events following proximal aortic anastomoses. Fourteen of these events produced no change in breath ethylene concentrations. Sixteen reperfusion events were associated with typical increases in ethylene release; however, the magnitude of these increases appeared smaller than the effect of diathermy. Four of these increases may have been confounded by concomitant surgical and anesthetic factors such as breath holding or major manipulation of heart and hemodynamic changes (Fig. 3) . Summary data are presented in Fig. 4 showing the effect of diathermy, significantly higher than baseline levels of ethylene at the end of harvesting the graft conduits and at the time of heparin administration and during the distal anastomoses. Exhaled ethylene remained high throughout surgery although later time points did not show statistical significance by multiple pairwise comparisons.
DISCUSSION
Here we present the results of the first real-time assessment of lipid peroxidation in cardiac surgery and perioperative medicine utilizing pulmonary excretion and accumulation of ethylene in exhaled breath. Such application represents the true translation of several decades of substantive basic research on ethylene and lipid peroxidation to biochemical and molecular monitoring of inflammation at the bedside at the point of patient care. The ability of monitoring ethylene at trace gas levels noninvasively, in real time, and in the real-world clinical environment without significant sample preparation and processing has provided us with unprecedented resolution of the dynamism of lipid peroxidation during the entire course of surgery. This novel information has major implications for the central debate regarding the status of oxidative stress in cardiac surgery and for the innovation of breath analysis to perioperative medicine and beyond.
Several authors have found significant rise of lipid peroxidation products such as malondialdehyde-conjugated dienes, and thiobarbituric acid reactive substances in the venous coronary sinus blood following myocardial reperfusion in the setting of cardiac surgery (1, 10, 15, 20) . Yet there are significant inconsistencies in the literature regarding the timing, magnitude, and significance of such changes. Furthermore, recent investigation found no increase in lipid peroxidation products in the coronary effluent or myocardial homogenates or subcellular fractions following aortic cross-clamp and reperfusion and no detectable alterations in myocardial ultrastructures (6, 7, 16) .
On the basis of short-chain hydrocarbon production during decomposition of omega fatty acids, the pulmonary excretion of volatile gases ethane and pentane have been considered noninvasive exhaled breath biomarkers of total body and myocardial lipid peroxidation. The milestone study of Andreoni et al. (2) and subsequent studies (14, 19, 26) utilized discrete breath collections and laboratory analysis and provided insights into these breath biomarkers. However, there are significant inherent limitations of such methodology and significant controversy remains regarding the triggers, timing, and relevance of ethane kinetics.
Our measurements evidently demonstrate the feasibility of continuous measurement of exhaled ethylene in mechanically ventilated patients throughout surgery and in the exhaust of the cardiopulmonary bypass circuit. The ethylene monitor can be located adjacent to the operating room. Moreover, sampling and analysis can be performed with only minor modification of the ventilation circuit. However, total intravenous anesthesia had to be employed to avoid spectral interference from volatile anesthetic agents.
Our data clearly demonstrate substantial increases in ethylene release at critical early stages of surgery and persistently elevated levels for most part of the intraoperative period. The experiments provide conclusive evidence pertinent to the debate on the substantial contribution of electrocautery to overall lipid peroxidation (2, 19, 26) . Firstly, our experiments reveal previously unrecognized details and magnitude of early hydrocarbon release associated with diathermy and skin incision. In our experiments, this significant rise in ethylene clearly followed the application of diathermy and preceded events associated with sternotomy such as breath holding and splitting the sternum with the surgical saw. Secondly, although we typically observed a washout curve, ethylene levels did not return to baseline levels, suggesting the possibility of longer-term impact of diathermy and sustained ethylene release from cauterized tissue. Thirdly, lesser applications of diathermy prior to chest closure also produced smaller but significant increases in breath ethylene, thereby potentially contributing to overall oxidative stress burden. Finally, such effect of diathermy was also pronounced in OPCAB procedures. Indeed the prolonged application of diathermy to prepare the vascular conduits resulted in greater releases of ethylene (doubling the ethylene AUC) in the period prior to revascularization. There is evidence that OPCAB is not free from surgical inflammation and such contribution of diathermy should be taken into consideration when interpreting fluid phase biomarkers of lipid peroxidation and oxidative stress in beating heart surgery (22, 21) . The contribution of extracorporeal circulation to oxidative stress is less conclusive. We observed increased ethylene release by the oxygenator of the CPB circuit at the beginning of CPB (compared with background levels during priming), which is consistent with washout of ethylene from the blood compartment. This may relate to earlier diathermy applications, but we cannot rule out potential triggers associated with commencement of bypass such as temporary activation of blood elements, partial lung ischemia, and systemic effects of nonpulsatile blood flow. Nevertheless, steady-state levels of ethylene decreased to baseline rather than increased with progression of CPB, suggesting that these mechanisms were not the major source of lipid peroxidation during surgery.
Our ethylene data should be considered as part of the wider inflammatory response to CPB. Similar to others, we have demonstrated increased neutrophil activation during CPB; therefore, neutrophil-derived oxidants could contribute to overall lipid peroxidation. Analysis of proinflammatory cytokine response demonstrated small increases in some proinflammatory cytokines (IL-8, IL-6, IL-1) and parallel large increases in the appropriate anti-inflammatory cytokines indicating cytokine balance in the plasma compartment (unpublished observations). Beyond ethylene, we have also investigated other redox gases including exhaled nitric oxide (NO) and carbon monoxide (CO) release in patients undergoing cardiac surgery. There was no evidence for increased NO and CO in our routine patient populations. These results may indicate that current conduct of CPB results in lesser inflammatory and oxidative stress response in routine and low-risk patients. We have to realize that perfusion technologies have undergone tremendous developments and now are extensively utilized for days and weeks to facilitate organ recovery during extracorporeal mechanical support and membrane oxygenation. Perfusion technologies are also being recognized as some of the most revolutionary progresses in current practice of cardiothoracic transplantation such as during ex vivo perfusion and short-term recovery and reconditioning of injured hearts and lungs.
In addition to events during CPB, separation from CPB was not associated with significant immediate increases in breath ethylene suggesting that pulmonary reperfusion and restoration of systemic pulsatile flow was not associated with increased oxidative stress. However, at later stages exhaled ethylene remained significantly higher than baseline measurements and ongoing pulmonary and systemic inflammation may have contributed to such responses.
Global myocardial ischemia-reperfusion during valvular procedures was not associated with increased ethylene release, suggesting that there was effective protection against lipid peroxidation-mediated damage. Although the measurements reveal exceptional details of ethylene production during reperfusion that may be confounded by deairing events and temporary reduction of perfusion flow during release of aortic crossclamp, average ethylene prior to and after reperfusion did not change. Blood cardioplegia, moderate degree of hypothermia, and antioxidant effects of propofol may have contributed to lack of lipid peroxidation in our patients (5, 7, 15) .
Ethylene responses to regional myocardial ischemia during OPCAB were variable, and we have identified three prototype responses. In ϳ50% of reperfusion events, restoration of native coronary flow or full bypass grafting was associated with no changes in ethylene release. However, the remaining reperfusion events produced a detectable rise in exhaled ethylene. In a few cases we cannot rule out confounding factors associated with necessary management of the anastomoses (stopping ventilation, major manipulation of the heart, short burst of diathermy), but in the rest of the events we conclude a true reperfusion-related increase in ethylene. Our real-time analysis indicates that these reperfusion events occur on the downslope of the diathermy-induced ethylene release and that the contribution of reperfusion to measured concentrations of ethylene is variable (3-44%).
The determinants of lipid peroxidation and ethylene release during OPCAB surgery remain to be established, but collateral circulation, antioxidant treatment, hemodynamic management of heart displacement, and coronary occlusion may play a role.
In conclusion, our original studies suggest that sensitive, totally noninvasive, and real-time analysis of lipid peroxidation using breath ethylene is feasible in the clinical and perioperative setting. This innovative approach has irrefutably demonstrated the significant contribution of diathermy to overall oxidative stress and identified increased ethylene associated with regional myocardial ischemia on an individual basis. Clearly, our observations challenge the oxidative stress concept of injury associated with aortic cross-clamping and CPB. They also highlight complexities of breath analysis in the perioperative environment and strongly support the application of real-time methods as frontiers of breath biomarker research in the dynamic surgical setting.
Future Directions
These pilot studies in low-risk cardiac surgical patients pave the way for future studies to study oxidative stress in higher risk populations and in those individuals who develop postoperative complications. This technology could advance the field by correlating ethylene levels with broader measures of inflammation in both preclinical and clinical settings and with organ dysfunction or outcomes in future large-scale clinical trials. We need to better understand mechanisms of release of ethylene, and single organ contributions should be evaluated by use of ex vivo human lung or heart perfusions. Studies should also further address physiological and physical determinants of exhaled ethylene such as the influence of cardiac output, ventilation, and temperature. Once these aspects are established, real-time monitoring of ethylene may have the potential of becoming the "capnography" of perioperative inflammation and oxidative stress. Ultimately such monitoring could enable testing pharmacological interventions or changing surgical practices in reducing lipid peroxidation and surgical complications. Our innovative method may also offer novel opportunities in molecular monitoring for other fields of pulmonary and circulation research and medicine.
